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MicroRNAs (miRNAs) are small noncoding RNA
molecules that regulate gene expression. Among
these, members of the let-7 miRNA family control
many cell-fate determination genes to influence plu-
ripotency, differentiation, and transformation. Lin28
is a specific, posttranscriptional inhibitor of let-7
biogenesis. We report crystal structures of mouse
Lin28 in complex with sequences from let-7d, let-7-
f1, and let-7g precursors. The two folded domains
of Lin28 recognize two distinct regions of the RNA
and are sufficient for inhibition of let-7 in vivo. We
also show by NMR spectroscopy that the linker con-
necting the two folded domains is flexible, accom-
modating Lin28 binding to diverse let-7 family
members. Protein-RNA complex formation imposes
specific conformations on both components that
could affect downstream recognition by other pro-
cessing factors. Our data provide a molecular expla-
nation for Lin28 specificity and a model for how it
regulates let-7.
INTRODUCTION
Since the discovery of the first human microRNAs (miRNAs)
about a decade ago, examples of miRNA regulation have been
found for virtually every cellular process (Kim et al., 2009; Krol
et al., 2010). Precursors of miRNAs undergo a series of process-
ing steps after transcription to generate an active product. In this
canonical pathway, a newly transcribed primary miRNA (pri-
miRNA) with at least one hairpin structure is cleaved within the
nucleus by an RNaseIII enzyme, Drosha, that acts in complex
with DGCR8. The resulting pre-miRNA is exported to the cyto-
plasm, where another RNaseIII, Dicer, removes the ‘‘terminal
loop region,’’ or pre-element (preE), to yield the mature miRNA
(Figure 1A). Mechanisms of transcriptional control have been
analyzed for many miRNAs, but the recent identification of post-
transcriptional regulators of miRNA biogenesis now provides
a way to investigate the molecular details of miRNA maturation
and regulation (Davis and Hata, 2010; Siomi and Siomi, 2010).1080 Cell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc.The let-7 family of miRNAs regulates many factors that control
cell-fate decisions, including oncogenes (c-Myc, Ras, HMGA-2)
and cell-cycle factors (CyclinD1, D2) (Bu¨ssing et al., 2008;
Viswanathan and Daley, 2010). Deregulation of let-7 influences
tumorigenicity of breast cancer stem cells (Yu et al., 2007a).
Moreover, IL-6 is a target of let-7, thereby bridging the inflamma-
tion and cell-transformation signaling pathways (Iliopoulos et al.,
2009). There are several let-7 family members in mammals, with
similar mature regions but divergent sequences in the preE
removed by Dicer (Figure 1A). Despite low sequence identity,
most preEs in let-7 are predicted to contain conserved structural
elements (stem, bulge, and loop) that may be important for
regulation of pre-miRNAs (Figure 1B).
LIN28, originally discovered as a heterochronic gene regu-
lating developmental timing in worms (Moss et al., 1997), blocks
let-7 biogenesis (Heo et al., 2008; Lehrbach et al., 2009; Newman
et al., 2008; Rybak et al., 2008; Viswanathan et al., 2008). Its
effects on gene expression are profound enough to make
Lin28 one of the four factors sufficient to reprogram human
somatic cells into induced pluripotent stem cells (iPSCs) (Yu
et al., 2007b). Lin28 is activated in many human tumors
(15%) and appears to be associated with less differentiated
cancers (Viswanathan et al., 2009). Studies with patient samples
show correlation between overexpression or mutation of Lin28
with ovarian cancer (Peng et al., 2010; Permuth-Wey et al.,
2011) and colon cancer (King et al., 2011). Variations in Lin28
have also been linked to developmental traits such as height
and timing of puberty onset in humans and mice (Lettre et al.,
2008; Lu et al., 2009; Ong et al., 2009; Perry et al., 2009; Sulem
et al., 2009; Zhu et al., 2010).
Because it is one of few specific inhibitors of miRNA matura-
tion to be discovered thus far, understanding Lin28 activity
provides an avenue for investigating the mechanisms of miRNA
biogenesis and regulation. Lin28 contains two well-known
nucleic acid interaction domains—a cold shock domain (CSD)
and two tandem Cys-Cys-His-Cys (CCHC)-type zinc-binding
motifs (CCHCx2). Mammals have two paralogs, Lin28a and
Lin28b, with different physiological expression patterns but
similar behavior in vitro (Guo et al., 2006; Heo et al., 2008; Viswa-
nathan et al., 2008; Yang andMoss, 2003). Lin28 binds precursor
forms of let-7 miRNAs and can inhibit both pri-let-7 processing
by Drosha (Newman et al., 2008; Viswanathan et al., 2008) and
pre-let-7 processing by Dicer (Heo et al., 2008; Lehrbach et al.,
Figure 1. Mapping of Lin28-Binding Sites on Pre-let-7
(A) Processing steps in canonical miRNA biogenesis.
(B) Architecture of preEs.
(C) Fragments of preE-let-7d tested on EMSA for association with Lin28.
Affinity is indicated by apparent dissociation constant ranges: ++++, 0.2–
1.5 mM; +++, 1.5–3 mM; ++, 3–15 mM; +, >15 mM. Predicted stem is highlighted
in blue. Minimal fragment (preEM) identified is bolded.
See also Figure S1.2009; Rybak et al., 2008). Furthermore, Lin28 can recruit
a terminal uridylyl transferase (TUTase) that adds uridine to the
30 end of pre-miRNA to increase decay (Hagan et al., 2009;
Heo et al., 2009; Lehrbach et al., 2009). Although parts of the
preE segment are dispensable for pri-miRNA processing by
Drosha (Han et al., 2006), point mutations in the preE can disrupt
interactions with Lin28 (Heo et al., 2009; Lehrbach et al., 2009;
Newman et al., 2008; Piskounova et al., 2008), thereby dere-
pressing Drosha-mediated processing (Newman et al., 2008).
Sequence variability among preEs in let-7 (Figure S1A available
online) has hindered interpretation of these results and extension
of the conclusions to other let-7s, highlighting the need for an
atomic-level view of divergent Lin28:let-7 complexes.
We present here high-resolution crystal structures of mouse
Lin28a in complex with three preE constructs of let-7d, let-7f-
1, and let-7g. These structures provide a direct view of a protein
interacting with the terminal loop region of a miRNA. We identify
sequence-specific interactions between Lin28 and let-7 precur-
sors that give direct structural evidence for the role of preEs in
miRNA regulation. The Lin28 CSD and the CCHC ‘‘zinc
knuckles’’ make extensive contacts with the preE elements in
two distinct regions. We also describe NMR studies and
biochemical assays showing that the linker between the CSD
andCCHCx2 regions introduces flexibility to accommodate vari-
able preE sequences and lengths while preserving the joint
contribution of the two interaction sites to overall affinity. We
show that neither the terminal nor linker regions outside of the
folded domains are essential for blocking let-7 in vivo. Mutagen-Cesis of preE fragments and full-length pre-miRNA molecules
confirms our conclusions from the structure concerning speci-
ficity of Lin28 and allows us to predict how Lin28 recognizes
other let-7s. Complex formation induces in both Lin28 and
preE-let-7 a specific conformation that can affect recognition
by downstream factors such as Drosha, Dicer, and TUTase,
and changes in the CCHCx2 region are particularly detrimental
to Lin28 activity in vivo.
RESULTS
TwoDiscrete Binding Sites in Pre-let-7 for Lin28Binding
As a first step to understanding how pre-let-7 is recognized by
Lin28, we tested a series of deletions in pre-let-7d for binding
to the protein. Pre-let-7d has a relatively high affinity for Lin28
both in vivo and in vitro (Hagan et al., 2009; Heo et al., 2009;
Newman et al., 2008), and secondary structure predictions indi-
cate that it has the most stable preE stem amongmouse pre-let-
7s, without interrupting bulges (Markham and Zuker, 2005). We
focused our analysis on the preE, as mutagenesis studies had
indicated its importance in direct association with Lin28 (Heo
et al., 2009; Newman et al., 2008; Piskounova et al., 2008; Rybak
et al., 2008). We observed that an isolated preE segment, con-
taining none of the mature-region nucleotides, can bind Lin28
and that two distinct regions are critical for binding to Lin28,
thereby defining a minimal preE-let-7d (preEM-let-7d) sufficient
for high-affinity binding (Figures 1C, S1B, and S1C). The first
required region includes the preE stem and the preE loop; trun-
cating the stem reduces binding. The other is the GGAG motif,
which occurs at the 30 end of the preE bulge. Although overall
preE sequence conservation is low, even within the preE stem
and loop, the GGAG tetranucleotide element is well conserved
throughout the let-7 family (Figure S1A). Our mapping results
suggest that the GGAG element provides an independent
binding site, as deleting the neighboring nucleotides, thereby
altering the distance to the CSD-binding site, does not abolish
Lin28 binding. The presence of two independent binding sites
explains how diverse preE-let-7s containing variable linker
sequences can all bind Lin28 with high specificity and affinity.
Domains of Lin28 Tethered to Each Other Are Sufficient
for Inhibiting let-7 Processing
Lin28 has two folded regions, the CSD and the CCHCx2, con-
nected by a positively charged linker of 15 amino acids, with
extensions of 30 residues at both the amino and carboxyl
termini. Mutagenesis studies have implicated both folded
domains in repression of let-7 (Heo et al., 2009; Piskounova
et al., 2008). The region C-terminal to the CCHCx2 domain
also promotes translation of certain mRNA targets (Jin et al.,
2011; Peng et al., 2011; Qiu et al., 2009). Using limited proteol-
ysis and electrophoretic mobility shift assay (EMSA), we
analyzed a series of truncation constructs of Lin28 to identify
the essential region for interaction with preE-let-7. Both the N-
and C-terminal regions can be removed without affecting affinity
for RNA, but removal of either the CSD or the CCHCx2 abolishes
high-affinity preE-let-7 binding (Figure S2A).
We used NMR spectroscopy to study the dynamics of
Lin28:preEM-let-7d complexes in more detail (Figure 2A). Weell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc. 1081
Figure 2. Linker between the CSD and CCHCx2 Is Flexible; See also Figure S2
(A) Longitudinal (R1) and transverse (R2) relaxation rates and the ratio (R2/R1), plotted against the residue number. Relatively more dynamic regions are marked
with a light yellow box.
(B) Alignment of internal deletions in the linker, indicated with the number of amino acids deleted on left.
(C) EMSAs with preE-let-7d as probe, mixed with increasing concentrations (0.005, 0.02, 0.08, 0.3, 1.2, 5, 20 mM) of linker deletion constructs of Lin28 (16–184): *,
free probe; **, complex.
(D) Quantitative RT-PCR results for in vivo levels ofmature let-7g. Lin28D is truncated at bothN andC termini. Lin28DD has both of the terminal extensions and the
linker removed. The standard deviation is calculated from triplicate experiments; U6 RNA levels were used for normalization.
(E and F)Western blots of Trizol bottom layer for transfections shown in (D). Anti-Lin28 antibodies do not recognize truncation constructs, so anti-FLAGwas used
in (F) to compare the relative expression levels of different Lin28 constructs.measured longitudinal (R1) and transverse (R2) relaxation rates
to probe backbone dynamics. The R2/R1 ratio, which is
a measure of correlation time, is an indicator of tumbling rate
in solution. This ratio is similar for the folded domains but
much lower for the terminal segments and the intervening linker,
indicating more rapid motion in those regions. We conclude that
the linker sequence lacks secondary structure, an inference
consistent with absence of inter-residue backbone NOE cross-
peaks in 15N-NOESY (Figure S2B). Comparing the Ca, Cb, and
C0 chemical shifts to random coil chemical shifts also indicates
that the linker region lacks secondary structure (Figure S2C).
Deletion of up to 9 amino acids in the linker region supports
binding to preE-let-7d or preE-let-7f-1, although further deletion
prevents complex formation (Figures 2B, 2C, and S2D). We
conclude that a Lin28 fragment (31–187) with N- and C-terminal
truncations and a 9 residue linker deletion (Lin28DD) is sufficient
for binding to preE-let-7 in vitro.
To test whether Lin28DD can inhibit let-7 processing in cells,
we compared the intracellular levels of processed mature
let-7g when pri-let-7g is cotransfected with different Lin28 trun-1082 Cell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc.cation constructs. Relative to vector alone, Lin28DD significantly
reduces the level of mature let-7g, although not as much as the
full-length Lin28 construct, probably due to slightly lower affinity
(Figures 2C and 2D). Processing of pri-miR-122 or pri-miR-16 is
not inhibited by either Lin28 construct (Figure S2E). Ectopically
expressed Lin28 levels are similar to the endogenous levels
observed in P19 mouse embryonic carcinoma cells and also
among all Lin28 constructs (Figures 2E and 2F). The Lin28DD
construct we have identified is therefore comparable to the
full-length protein in its ability to inhibit processing in vivo as
well as to bind let-7 precursors in vitro.
High-Resolution Crystal Structures of Lin28
with let-7 MicroRNAs
We determined crystal structures of Lin28DD in complex with
preEM-let-7s derived from let-7d, let-7f-1, and let-7g, at resolu-
tions 2.9 A˚, 2.8 A˚, and 2.0 A˚, respectively, from three different
crystal forms (Figures 3 and S3A). We used single-wavelength
anomalous dispersion (SAD), with the bound zinc atoms as
the anomalous scatterers, to determine the structure of the
Lin28DD:preEM-let-7d complex; we determined the other
structures by molecular replacement. Although the overall
architectures of the three complexes are similar (Lin28 Ca
root-mean-square deviation [rmsd] < 1.3 A˚), there are several
local differences due to divergent RNA sequences (Figures
S3B and S3C, and see CSD and CCHC sections below).
The structures reveal that the CSD and CCHCx2 domains of
Lin28 interact with two distinct single-stranded (ss) regions of
the RNA fragment (Figure 3A). The preE loop encircles a protru-
sion of the CSD as a necktie would wrap around a collar, with the
extensive contacts around the circle made possible by the pres-
ence of the preE stem, which functions as the necktie’s knot. The
CCHC zinc knuckles interact with the GGAG motif at the 30 end,
and several sequence-specific interactions shape the single-
stranded segment around the knuckles to introduce a distinctive
kink in the RNA backbone. Positively charged surfaces on both
domains interact with RNA throughout the complex (Figure 3B).
The shortened linker between the CSD and CCHCx2 is the
most variable region among the different complexes, as might
have been expected from its flexibility (Figure S3D). In all three
crystal forms, we observe a domain swap in which the Lin28
CSD interacts with the loop of one RNA molecule, and the
CCHCx2 interacts with the GGAG of a second RNA (Figure 3C).
That is, each Lin28 monomer in the crystal interacts with distinct
elements of two separate preEM-let-7dmolecules. In sedimenta-
tion equilibrium ultracentrifugation experiments under more
physiological conditions, we observe only monomeric
complexes of Lin28:preE-let-7d, with or without internal dele-
tions in the Lin28 linker (Figure S3E). An unswapped complex
conformation can be modeled with a small rearrangement of
the C-terminal extension of the CSD (residues 112–121) and
a rotation of the 7 residue linker to span the 18–30 A˚ distance
between the CSD and CCHCx2 on the same RNA (Figure 3A).
Moreover, the longer, 16 residue linker in wild-type Lin28 would
accommodate even longer RNA substrates, including pre-let-7d
without internal deletions. The monomeric model is also consis-
tent with our observation that high-affinity RNA binding by Lin28
requires both Lin28-binding sites on the same molecule (Fig-
ure 1C). As all biochemical evidence points to a monomeric
complex in solution, we restrict our description to a 1:1 complex,
with the CSD and CCHCx2 bound in cis to a single RNA.
Specific Binding of PreE-let-7 with the CSD
A detailed analysis of the contacts between the CSD and the
preE-let-7 stem loops suggests that specificity relies on both
the sequence and the conformation of the RNA. Most of the
direct contacts lie in a R9 nucleotide segment that includes
the preE loop (Figures 4, S4A, and S4B). As the loop wraps
around the CSD, the bases project and make a number of p-
stacking interactions with aromatic side chains. Complementary
to the Velcro-like effects of the hydrophobic interactions,
hydrogen bonding and steric exclusion create nucleotide prefer-
ences and enhance specificity. From inspection of the binding
pocket of each nucleotide, we can imagine an ideal RNA
substrate for the CSD of Lin28. To simplify the discussion, we
define the middle position of preE-let-7d that docks into the
pocket lined by Phe73 and Lys102 as the ‘‘center,’’ or position
0. Purines are preferred at positions 0 and 1, near the tip ofCthe loop, so that the bulky bases can reach the protein. Position
1, on the other hand, is limited to a pyrimidine, as Lys45
and Asp71 impose steric hindrance. A deeper pocket at
position 3 makes a purine more favorable because a larger
ring is necessary to stack over Phe84 (in d and f-1) and also to
make favorable contacts with the Lin28 backbone (in all three).
The hydrogen-bonding networks around 3, 1, and 0 are
specific for G, G, and A, respectively.
We evaluated the effect of several point mutations in the co-
crystallized preEs at positions where specific interactions are
observed in the structures (Figures 4C and S4C). Most of the
mutant probes have lower affinity for Lin28 than wild-type.
Although Gua is strongly preferred over Ade at positions 3
and 1, substitution of Ade0 with a Gua is not as deleterious.
Ade replaces Gua(3) in the Lin28:let-7g complex, and as
a result some favorable hydrogen bonds are absent in compar-
ison to other structures. Due to the small size of the pocket,
a pyrimidine is strongly preferred at position 1. Some of the previ-
ously reported mutations of preE-let-7g include a transversion
(purine to pyrimidine) at position 0 (Newman et al., 2008) and
changes in the preE stem that disrupt base pairing (Piskounova
et al., 2008). Although our studies focused on mouse Lin28a, the
observed effects of preEM point mutations on complex stability
are equivalent for human Lin28a and Lin28b (Figure S4C).
Comparing the structure of Lin28 bound to the divergent
preE-let-7g with those of the preE-let-7d and -7f-1 complexes
illustrates how the CSD accommodates variability in substrate
RNAs. The short preE loops in let-7d and -7f-1 require that
base pairs be broken to fit around the CSD. In order to tighten
the longer loop in preE-let-7g (Figure 4B), Arg50 moves in to
mimic a base, pairing with Cyt5 and stacking against Ade5.
The other extra bases have p-stacking interactions: two with
the side chains of Arg122 and Arg123 at the amino-terminal
end of the interdomain linker, and Ade2 and Cyt3 with each
other. A closed RNA loop appears to be important to maintain
full contact with the CSD, perhaps explaining the more extensive
interactions here than in other CSD:RNA complex structures
(Fraza˜o et al., 2006; Max et al., 2006, 2007) (Figure S4D).
Interactions of Zinc Knuckles with PreE-let-7
TheCCHC knucklesmaximize favorable interactions with a small
number of nucleotides by making many contacts with the bases
(Figures 5A–5C). The intimate interaction between GGAG and
CCHCx2 produces a distinctive kink in the RNA backbone.
Most of the protein atoms participating in the extensive
hydrogen-bonding network lie in relatively rigid regions of the
protein, such as adjacent to zinc-coordinating residues or in
a proline-rich linker, thereby imposing a specific, rigid conforma-
tion on the 30 end of the RNA (Figures 5C, S5A, and S5B). Ring
stacking and hydrophobic interactions with side chains of the
CCHCx2 further stabilize the particular conformation by aligning
the bases. One of the key residues is Y140, which establishes the
kinked conformation by sandwiching between the last two bases
(AG) and interacting with H162, which braces the first (G).
Although the adenine base does not have as many polar
contacts with Lin28, it packs closely against the first (G) and
makes a hydrogen bond that assists in bending the RNA back-
bone. The resulting conformation of the ssRNA resembles thatell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc. 1083
Figure 3. Structure of the Lin28:PreEM-let-7d Complex
Cartoon representations were colored by domain: blue, CSD; green, CCHCx2; gray, zinc; orange, RNA.
(A) Stereo representation of the monomeric complex. Interdomain linker is represented by a purple dotted line.
1084 Cell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc.
of the so-called ‘‘K-turn,’’ which often participates in specific
protein-RNA interactions (Klein et al., 2001).
The CCHCx2 regions from all our structures align well with
each other, except for slight differences, due to crystal contacts,
in one of the two noncrystallographic copies of preEM-let-7g
(Figures S5C and S5D). When compared with the conformation
seen in the solution structure of an isolated Lin28 zinc-knuckle
fragment (Protein Data Bank [PDB] 2CQF), however, there is
a large rearrangement of the inter-knuckle joint in Lin28 (Fig-
ure 5D). Therefore, association of the CCHCx2 with GGAG
imposes specific conformational constraints on both the RNA
and the protein; this reciprocal effect may be functionally impor-
tant for regulation.
Two NMR structures of CCHC motifs from HIV NCp1 have
been determined previously, in which the knuckles bind a tetra-
loop of sequence GGAG or GGUG in two stem loops (SL2 and
SL3) of the c site (Amarasinghe et al., 2000; De Guzman et al.,
1998). The conformation of the GGAG motif in complex with
Lin28 is very different from its conformation in complex with
HIV NCp1, indicating that the conformation we observe is
specific to Lin28 (Figures S5E and S5F).
Lin28 Interactions with Full-Length Pre-let-7
To test our conclusions from the model provided by the crystal
structures, and to verify that the truncations and deletions we
have made for crystallization do not affect specificity, we gener-
ated mutant forms of full-length Lin28 and pre-let-7g. Alteration
of the key binding sites of the CSD (near position 0) or CCHCx2
(GGAG) in pre-let-7g reduces affinity, consistent with the muta-
genesis studies with preE fragments (Figures 6A and S6A). In
addition, mutation of RNA-contacting residues in the CSD and
CCHCx2 also interferes with complex formation, especially
when aromatic side chains are replaced with Ala (Figures 6B
and S6B). We then conducted binding assays using combina-
tions of protein and RNA mutants (Figures 6C and S6C). The
D71 side chain, which is near nucleotide position 1, limits the
size of the pocket and restricts it to pyrimidine rings. Presumably
due to the additional free space provided by a glycine, a D71G
mutant no longer discriminates against a purine at position 1
(Figure 6C, D71G block).
The bipartite character of the Lin28:let-7 interactions implies
that one should observe strong synergywhen combining amuta-
tion in one of the two let-7 interaction sites with a mutation in the
Lin28 domain that recognizes the other let-7 interaction site.
Indeed, a CSD mutation (F73A) has much greater effect on
binding with RNA bearing a mutation in the GGAG motif (to
GGAU or deletion) than it does on binding with RNA bearing
a preE loop mutation near the CSD-binding site (Figure 6C,
F73A block). Similarly, for binding with a mutated CCHCx2
(Y140A), GGAG mutations are not as detrimental as a CSD-
binding-site mutation (Figure 6C, Y140A block). We have also
tested binding of individual domains of Lin28 to various pre-(B) Same complex in (A) represented with surface colored by electrostatic poten
(C) Domain-swapped dimer. Arrow points from the domain-swapped to the bi
marked in green, dotted line. Linker connecting unswapped domains is marked
(D) X-ray data collection and refinement statistics.
Clet-7g mutants (Figure 6C, CSD and CCHCx2 blocks). Neither
isolated domain binds to let-7 as specifically or tightly as does
full-length Lin28. Nevertheless, RNA mutations at each binding
site affect only the affinity of the corresponding domain, consis-
tent with our model. In summary, the results of all these muta-
tional studies are all consistent with the conclusion that Lin28
binds full-length pre-let-7 in the same way as does the truncated
form present in our crystals.
The GGAG motif is conserved among let-7s not only in its
sequence but also in its proximal position with respect to the
Dicer site in the context of the full pre-let-7molecule. The last G
is 4 bases from the Dicer cleavage site on the 30 strand and only
2 bases from theposition atwhich complementarity to themature
strand begins. Using previously determined structures of Dicer
and the proposed location of the cut site (Du et al., 2008; Macrae
et al., 2006), we have modeled how Lin28 would interfere with
Dicer binding (Figure S6D). Because their binding sites on RNA
are close together and because Lin28 bends the RNA backbone,
Lin28, especially its CCHCx2, may hinder Dicer directly. To test
whether binding of Lin28 with pre-let-7g is sufficient to inhibit
Dicer processing, we used different mutants in an in vitro Dicer
assay (Figure 6D). The mutations that disrupt association
between Lin28 and pre-let-7 lead to increased Dicer cleavage,
compared with wild-type control. Our data are thus consistent
with a direct effect of Lin28 on Dicer processing of pre-let-7.
We also tested the effect of the described mutations on in vivo
processing of let-7 (Figures 6E–6G). Mutations that affect CSD
binding derepress processing of pri-let-7g only modestly,
perhaps because the presence of other cellular factors partially
compensates for the affinity change (<10-fold). Altering the
CCHCx2:GGAG interaction—by changes in RNA or protein—is
more detrimental to Lin28 activity. Levels of mature let-7 in our
in vivo assay depend on both complex formation between
Lin28 and let-7 precursors and downstream effects of Lin28,
such as hindering Drosha and Dicer while recruiting TUTase.
Our results indicate that although both the CSD and CCHCx2
contribute to affinity and specificity for let-7 precursors, the
CCHCx2:GGAG interaction is more critical for the effector func-
tion of Lin28.
DISCUSSION
Deciphering Lin28 Specificity
The structural and biochemical studies presented here reveal
how Lin28 recognizes let-7 precursors and allow us to postulate
how Lin28might bind diverse pre-let-7s.We propose a preferred
sequence consensus for CSD binding: NGNGA0YNNN (Y =
pyrimidine; N = any base). The sequences and distances
between the CSD-binding site and the CCHCx2-binding GGAG
motif are variable, but the two sites can be identified in many
of the preE-let-7 sequences (Figure S7A). In cases where no
significant preE stem structure is predicted (e.g., in let-7a-2 ortial and rotated.
ologically relevant CCHCx2 domain. Linker connecting swapped domains is
in purple, dotted line. See also Figure S3.
ell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc. 1085
Figure 4. CSD:RNA Interactions; See also Figure S4
(A) Close-up view of the CSD (backbone as gray cartoon; key residues also shownwith sticks and labels) interacting with the preEM loops as labeled, shown in the
same orientation. RNA is colored by base identity, (A)zure, (A)de; (C)rimson, (C)yt; (G)reen, (G)ua; (U)mber, (U)ra, andmarked by position number on backbone as
defined in text.
(B) Schematic drawing of predicted structures of preEM sequences used for crystallization. Some of the predicted base pairs are broken (blue vertical dotted line)
in the complex structures. Rings of circles show the protein:RNA interactions at each nucleotide position, markedwith interacting residues (green, hydrophobic or
p-stacking; red, H-bond). Top line is for base contacts and bottom line is for sugar or phosphate interactions at each position.
(C) Comparison of Lin28 affinity for various preEM-let-7 mutants, described by the parent let-7, position of the mutation, and the base identity.
Accompanying gels are shown in Figure S4.let-7c-1), the nearby mature region with its stable double-
stranded (ds) helix may aid in closing the loop around the CSD.
Loss of one or a few favorable interactions in other preE-let-7s
might not completely exclude the RNAs from binding to Lin28
but rather result in differences in affinity that could affect the1086 Cell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc.sensitivity of particular let-7s to Lin28 regulation in vivo. Indeed,
understanding Lin28 specificity from preE-let-7d and preE-let-
7f-1 allowed us to crystallize the preE-let-7g complex, which
binds to Lin28 in an energetically less stable conformation
(Figures S7B and S7C).
Figure 5. CCHCx2:RNA interactions; See also Figure S5
(A) Schematic drawing of GGAG, and atoms making contact are marked with amino acid/nucleotide numbers (green, hydrophobic or p-stacking; red, H-bond).
(B) Close-up view of base interactions. H-bonds are marked with dashed lines.
(C) View of GGAG interactions with the CCHCx2. Lin28 is represented with gray cartoon, and GGAG are colored by sequence (G)reen, (G)ua; (A)zure, (A)de. Zinc
(large gray spheres) coordinating residues are represented with small spheres at Ca positions (yellow, Cys; cyan, His).
(D) Comparison of the CCHCx2 region of Lin28 in different states by superimposition of the first CCHC motif (unbound, PDB code = 2CQF).The sequence of the linker between the CSD and CCHCx2 has
a strong net positive charge, probably to interact with the nega-
tively charged RNA sugar-phosphate backbone, or to compen-
sate for any unpaired bases, as seen in the case of the preE-
let-7g complex. Evolutionary conservation of the electrostatic
property suggests that the linker does play some role, even
though its sequence is not crucial for binding specificity. The
length of the linker varies in some organisms, and shorter linkers
occur in those with only one copy of let-7 containing a shorter
preE sequence. Longer, more flexible linkers might have evolved
in higher eukaryotes to recognize longer and divergent let-7
precursors. Our preE-let-7g complex structure illustrates how
the linker can adapt to different RNA substrates; Arg122 and
Arg123 at the amino-terminal end of the interdomain linker stack
against extra bases near the ds-ss junction (Figure S5B).
The GGAG tetranucleotide motif is well conserved among the
members of the let-7 family within a particular species. In evolu-
tionarily distant organisms such as worms and fruit flies,
however, other sequences (such as GGUG or AUCA) are found
in place of GGAG, perhaps due to coevolution of RNA and
protein. Although not included in the crystal structure, the two
nucleotides following GGAG are A and U in most let-7
sequences. In the context of full-length molecules, there may
be more contacts between the bulges near the GGAG andCCCHCx2. The importance of the GGAGmotif has been explored
previously, by introducing a GGAG motif into an unrelated RNA
sequence, miR-16, to generate a chimeric pre-miRNA that has
gained affinity for Lin28 (Heo et al., 2009). From our binding
experiments and structural data, the GGAG motif alone cannot
confer robust binding with Lin28, and shifting its position by
a base or two relative to the CSD-binding site does not affect
Lin28 binding significantly. In the case of the chimeric RNA
with miR-16, its preE also coincidentally contains a sequence
similar to the preferred CSD-binding site (UAAGAUUCU versus
NGNGAYNN), at the 50 side of the GGAG motif, explaining why
this chimera could bind Lin28. Our structural and biochemical
data thus provide a molecular explanation for Lin28 specificity,
making it possible to investigate further its role in let-7 biogen-
esis as well as its function in binding various mRNA targets (Jin
et al., 2011; Peng et al., 2011; Qiu et al., 2009).
Implications for miRNA Regulatory Mechanisms
Although Drosha and Dicer are known to cut at opposite ends of
the mature miRNA, there are still major questions regarding how
they recognize their target and how the cleavage can be regu-
lated. Our structures of Lin28:preE-let-7 complexes combined
with known structural data for Dicer have allowed us to postulate
how the Lin28-binding event itself can inhibit processing ofell 147, 1080–1091, November 23, 2011 ª2011 Elsevier Inc. 1087
Figure 6. Structure Validation with Full-Length Molecules
(A–C) Results of EMSA with various RNA mutants (full-length pre-miRNA background) combined with protein mutants (full-length Lin28, except for the isolated-
domain experiments, designated ‘‘CSD or CCHCx2 only’’). Affinity indicated by apparent dissociation constant ranges: ++++, 0.13–0.26 mM; +++,
0.26–0.52 mM; ++, 0.52–1 mM; +,1–2 mM;, >2 mM. For isolated domains, scores relative to wild-type are given by asterisks, as protein concentrations are higher
than with full-length Lin28. See also Figure S6.
(D) In vitro Dicer processing assay with different pre-miR and protein combinations.
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Figure 7. Schematic Model for Lin28 Domains Binding to Two
Distinct Regions of PreE-let-7
For Lin28: blue, CSD; green, CCHCx2; blue-green loop, protein linker. For pre-
let-7 depicted as array of cylinders: yellow, mature region; orange, bases
included in the crystallization construct; grey, parts of the preE not included in
the crystal. PreE-let-7f-1 was used for the model figure. Potential partial
melting of dsRNA near Dicer sites is represented with double-headed arrows;
it is uncertain how far the effect would carry. From structural models, inter-
actions with other preE-let-7 sequences can be postulated as shown in Fig-
ure S7.pre-let-7 in at least two ways (Figure S6D). First, Lin28 might act
as a ‘‘wedge’’ to melt part of the double-stranded mature region
as it bends GGAG and situates itself in a particular conformation
on one of the strands. As a result, Dicer might be unable to
recognize its substrate properly. Second, given the location of
the CCHCx2-binding site, the volume of the CCHCx2, and the
location of its N terminus from which the interdomain linker
would have to traverse to the CSD, Lin28 is likely to clash with
the Dicer dsRNA-binding domains and also mask one of the
cleavage sites.
The role of the preE in Drosha processing is less clear, espe-
cially because the Drosha cleavage site is at the opposite end
of themature region from the preE. Nonetheless, the direct asso-
ciation of Lin28 with the preE shows that the observed effects of
both the preE modifications and Lin28 on Drosha activity are
probably linked (Michlewski et al., 2008; Zeng and Cullen,
2005, 2003; Zeng et al., 2005; Zhang and Zeng, 2010). Other
small RNA-binding proteins such as hnRNP-A1 and KSRP
have been proposed to modify Drosha processing by binding
to the preE region (Michlewski and Ca´ceres, 2010; Michlewski
et al., 2008). Rather than being a mere byproduct of miRNA pro-
cessing, the preE is clearly a critical handle for regulatory factors
such as Lin28.
Our mutagenesis studies strongly suggest that the GGAG:
CCHCx2 region has an important functional role in regulating(E–G) In vivo processing assay as described in Figure 2D. Full-length Lin28 was c
region swappedwith the preE of an unrelatedmiR-21 (G) (Piskounova et al., 2008)
constructs with indicated mutations in (F). Error bars indicate standard deviation
expression levels of Lin28 in each panel.
Clet-7, in addition to contributing to the specificity and tightness
of complex formation. Our in vitro binding results show that the
observed strong effect of mutations in the CCHCx2:let-7 inter-
face cannot be attributed to the overall affinity of the molecules
alone. As the GGAG motif is closer to the mature sequence,
mutations that lead to lower occupancy at this site—regardless
of association of the CSD with the preE—may be more directly
linked to hindrance of processing enzymes. Moreover, the
specific conformation of CCHCx2:GGAG induced by complex
formation, as observed in our crystals, is probably important for
recruiting downstream factor(s) such as TUTase. The critical
role of Y140 of theCCHCx2 in determining theRNA conformation
is described in Results, and a uracil base (inGGAUmutant) would
not be large enough to stack against Y140 efficiently in the
observed conformation. Transitionmutations inGGAGsequence
might also result in slightly different conformations, without
greatly reducing complex formation. Some of these mutations
(to GAGG or AAGG) maintain their affinity for Lin28 but can oblit-
erate uridylation by TUTase (Heo et al., 2009). That is, the CSD
provides a larger contact and contributes more strongly than
theCCHxCx2 to let-7 affinity, but the latter domain has additional
effector functions.
Conclusion
The structures of the three Lin28:preE-let-7 complexes that we
have determined show a bipartite interaction of Lin28 with its
let-7 family partners (Figure 7). The CSD inserts into the loop at
one end of the central stem-loop structure in preE-let-7, and
the CCHCx2 module recognizes a GGAG motif at the other
end. The linker between the CSD and CCHCx2 is flexible, to
accommodate variable sequences and lengths among Lin28-
regulated let-7 family members without compromising affinity
or specificity. This molecular organization explains several
conserved features of preE-let-7s: first, a minimum loop length
of 9 nucleotides, with a preferred sequence of NGNGAYNNN;
second, a stem-like structure that closes the loop into a circle;
and third, a GGAG motif close to the 30 end of the preE. The
model provided by our crystal structures provides a mechanistic
explanation for the inhibitory effect of Lin28 on miRNA process-
ing by Dicer; it further suggests that the CCHCx2:GGAG part of
the complex directly influences downstream factor(s) important
for let-7 regulation. These structural details will be useful for
developing therapies that target the Lin28:pre-let-7 complex
and its effects on let-7 processing.
EXPERIMENTAL PROCEDURES
More details are provided in the Extended Experimental Procedures.
Protein Purification
Lin28 constructs derived from mouse Lin28a were purified after overexpres-
sion in E. coli, using Nickel affinity, cation exchange, and size-exclusion
chromatography.otransfected with pri-let-7g with indicated mutations (E) or with the entire preE
or pri-miR-122 (G). Wild-type pri-let-7gwas cotransfectedwith full-length Lin28
calculated from triplicate measurements. Immunoblots are shown to compare
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Electrophoretic Mobility Shift Assay
For preE probes, RNA oligonucleotides were synthesized (IDT), and full pre-
miR probes were purified by PAGE after in vitro transcription followed by
double ribozyme cleavage, as detailed in Walker et al. (2003). RNAs were ra-
diolabeled with ATP[g-32P] using T4 polynucleotide kinase, incubated with
protein in a buffer containing 20 mM Tris 7.5, 100 mM NaCl, 10 mM DTT,
50 mM ZnCl2, 15 mg/ml yeast tRNA, and 1U/ml RNase inhibitor.
NMR Spectroscopy
All NMR samples were prepared as 0.5 mM Lin28:preEM-let-7d complexes.
Sequence-specific chemical shifts for backbone atoms were determined for
157 residues (out of 166 total, including 13 prolines), using the TROSY versions
of HNCA, HN(CO)CA, HNCACB, HN(CO)CACB, HNCO, and HN(CA)CO, with
a 15N, 13C, and 85% 2H-labeled protein combined with unlabeled RNA. Exper-
iments were conducted at 30C on Bruker spectrometers equipped with cryo-
genic probes, operating at 1H frequencies of 600 MHz (sequence assignment
and relaxation experiments) or 750 MHz (NOESYs).
Crystallography
Crystals of all three complexes were produced by vapor diffusion, using reser-
voir solution containing 0.6 M NaH2PO4, 1.4 M K2HPO4, and 5% glycerol for
preEM-let-7d and preEM-let-7f-1 complexes, and 0.1 M Tris (pH 8.0), 32%
w/v PEG 4000, and 0.2 M sodium acetate for the preEM-let-7g complex.
Experimental phases were obtained for the preEM-let-7d complex by anoma-
lous scattering from zinc atoms (SAD), and the structures of preEM-let-7f-1 and
preEM-let-7g complexes were solved by molecular replacement with
Lin28:pre-let-7d as a search model.
Dicer In Vitro Processing Assay
Dicer expression construct (Addgene plasmid 19873) and purification are
described as in Landthaler et al. (2008), and radiolabeled pre-miR constructs
were prepared similarly to EMSA probes. Dicer assays were carried out as de-
scribed in De andMacrae (2011), using a buffer containing 20 mM Tris 7.5, 5%
glycerol, 3.2 mM MgCl2, 5 mM DTT, 50 mM NaCl, and 100 mM ZnCl2.
MicroRNA In Vivo Processing Assay
Ability of Lin28 constructs to block let-7 processing in cells was compared as
outlined in Viswanathan et al. (2008). Briefly, pri-let-7g was cotransfected with
FLAG-tagged Lin28 constructs (25 ng unless otherwise noted) or vector
control into 293T cells (12-well) using lipofectamine. Total RNA was isolated
using TriZol reagent and treated with DNase I, and quantitative RT-PCR was
used with miRNA-specific stem-loop primers as previously described (Wan
et al., 2010). Relative levels of mature miRNAs were analyzed by DDCt method
and normalized by U6 snRNA levels.
ACCESSION NUMBERS
Coordinates and structure factors for the structures of Lin28:preEM-let-7d,
Lin28:preEM-let-7f-1, and Lin28:preEM-let-7g complexes have been depos-
ited with the Protein Data Bank under accession codes 3TRZ, 3TS0, and
3TS2, respectively.
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